The construction of fully bio-based epoxy resins (EP) has been of particular interest in both academia and industrial circles for years; among these, epoxidized soybean oil (ESO) derived thermosets have received the most attention, but they usually exhibit poor performance due to their flexible fatty chains. Herein, tannic acid (TA), with its great degree of functionality and massive aromatic structures, was chosen as the multi-phenol curing agent for ESO to prepare fully bio-based EP thermosets with a high relaxation temperature and satisfactory mechanical properties. As a natural 2-substituted imidazole-containing substance, histidine (H) was used as the curing accelerator under moderate curing conditions (120-180 C). This EP system showed high curing activity and a good curing degree while operating. The cured thermosets were found to be thermally stable (T 5% > 270 C) and displayed a high relaxation temperature (77 C) with a tensile strength of 23 MPa. Preliminary adhesion tests showed that the cured product exhibited a high lap-shear strength of about 19 MPa in adhesion failure mode. Taking these advantages into account, this kind of fully bio-based EP could introduce more chances for versatile applications, such as being used in structural materials and construction adhesives.
Introduction
Cured from different epoxy resins (EP) with multi-epoxide groups in the presence of apposite curing agents (or hardeners), epoxy thermosets represent an important class of thermosetting polymers, which have found versatile applications, including in adhesives and coatings, and for electrical and electronic purposes, as well as being used in high-performance composites, owing to their excellent mechanical strength, thermal and chemical resistance, strong adhesion, and low shrinkage aer curing. [1] [2] [3] [4] Globally, EP accounts for approximately 70% of the market of thermosetting polymers;
5 the gross output of EP has been ever-increasing and was evaluated to have reached 3 million tons by 2017. 6 Unfortunately, it is noteworthy that about 90% of EP is derived from the petroleum-based and non-renewable diglycidyl ether of bisphenol A (DEGBA), thus the rapid growth of EP causes the depletion of fossil resources. Moreover, the raw materials for DGEBA are bisphenol A (BPA) and epichlorohydrin (ECH), which can also cause some negative effects on living organisms and ecosystems that cannot be ignored. 7, 8 As a result, awareness about environmental deterioration and dependency on a fossil feedstock that is depleting forces both academia and industrial circles to nd a solution in order to design a more sustainable future. In the EP eld in particular, exploring sustainable epoxy thermosets, including both EP and curing agents from renewable resources, has been an area of ever-increasing concern in recent years.
9-12 Different biomass resources, through years of research, such as plant oils, [13] [14] [15] [16] isosorbide, 17, 18 itaconic acid, 19, 20 lignin derivatives, 21 vanillin, 22 and sugar, [23] [24] [25] have been used to design and prepare bio-based epoxy thermosets.
Among the different kinds of renewable raw materials, epoxidized soybean oil (ESO) has attracted great attention in both scientic and industrial areas for fabricating lubricants, coatings, paints and bioplastics in recent years, making it an ideal renewable alternative to fossil based epoxies. [26] [27] [28] [29] [30] [31] [32] Nevertheless, the long aliphatic chains in ESO endow resulting materials with specic characteristics such as elasticity and exibility, but also a relatively low glass transition temperature and poor mechanical strength, considerably limiting their practical application.
based polyphenols can also be utilized to prepare EP as a substitute to BPA. Many chemical modications of lignin and TA have been described for these purposes. [37] [38] [39] As a type of biobased polyphenol, TA has abundant reactive terminal phenolic hydroxyl groups with a hyperbranched aromatic/alicyclic polyester core, which can make up for the exible chain defects of ESO and form highly crosslinked networks. The chemical formula for commercial TA is oen given as C 76 H 52 O 46 , which corresponds with decagalloyl glucose, 40 as shown in Scheme 1. Architecturally, it can be supposed that, as either a starting material for EP or a type of polyphenol curing agent, the multifunctional groups and rigid ring structure of TA will impart high density and strong behavior on resulting materials.
For instance, Aouf et al. 41, 42 prepared a novel bio-based epoxy thermoset from natural polyphenols (TA and gallic acid, which is found both free and as part of hydrolyzable TA), where a twostep synthesis involving the allylation of OH groups followed by the epoxidation of the resulting double bonds was reported. Preliminary results showed that this new EP based on polyphenols displayed interesting physical and mechanical properties close to those of commercial DGEBA. Shibata et al. 43, 44 explored TA as a curing agent with glycerol polyglycidyl ether (GPE), sorbitol polyglycidyl ether (SPE), and ESO to form biobased EP thermosets. The most balanced thermal and mechanical properties were obtained at a 1 : 1 epoxy (with either GPE or SPE) to hydroxyl (TA) ratio; whereas, a slightly higher ratio was necessary for ESO (1 : 1.4), due to additional steric hindrance from the epoxy groups along the fatty chains of ESO. As a result, the T g value, tensile strength, and modulus of the ESO thermoset were much lower than those of the GPE and SPE systems. Even worse, the relatively low reactivity of the polyphenol groups in TA let to a high curing temperature of 210 C for the ESO/TA thermoset, which is higher than the boiling point of ESO (150 C at 0.53 kPa), 45 and thermal/thermooxidative decomposition at such high temperatures for these aliphatic chains of ESO is also worthy of consideration. In this case, curing accelerators are extremely necessary for the aforementioned system.
To the best of our knowledge, examples are lacking of EP thermosets prepared from TA and ESO through moderate curing addition with appropriate curing accelerators. In this work, fully bio-based EP thermosets were prepared through mixing TA/ESO in different mass ratios in the presence of histidine (H) as a curing accelerator at relatively moderate temperatures. The performance of the cured resins was controlled by adjusting the ratio of TA to ESO. The curing behavior and comprehensive properties of such fully bio-based EP thermosets were investigated. Consequently, the obtained thermosets displayed high thermal stability and satisfactory tensile strength and lap shear strength, indicating their potential for versatile applications.
Experimental section

Reagents and materials
Tannic acid (98%, AR), ethanol and acetone (AR) were provided by Kelong Chemical Reagent Co., Ltd. (Chengdu, China). Epoxidized soybean oil with an average number of epoxy groups per molecule of 4 was provided by Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Histidine (99%, AR) was provided by the Energy Chemical Co., Ltd. (Shanghai, China). All chemicals were used without further purication.
Curing
TA was formulated with ESO at different mass ratios of TA/ESO (20%, 23%, 26% and 29%; and the relevant molar ratios of -OH/ epoxide were 0.8, 1.0, 1.2, and 1.4, respectively) via a solvent blending method to achieve homogeneous mixtures. Briey, stoichiometric TA and ESO or E51 were put into a 100 mL glass scintillation vial followed by the addition of ethanol to dissolve and mix the monomers. Ethanol was then removed via rotary evaporation at 50 C, and the resulting EP was dried under high vacuum as a viscous liquid for later use. Bubbles were removed from the viscous liquid EP in a vacuum oven and 1% H was added; the component was then poured into a Teon mold. Then, the system was pre-cured at 120 C for 2 h and post-cured 
Preparation for lap shear adhesion tests
Single lap shear strips were clipped from a stainless steel slice with dimensions of 150 mm (length) Â 25 mm (width) Â 2.0 mm (thickness). Prior to thermal curing, single-lap-joint specimens were prepared through loading appropriate amounts of viscous Hx/TAy samples between the stainless steel strips with a bonding area of about 13 mm Â 25 mm. To ensure a uniform bonding thickness, slides with a thickness of 0.2 mm were placed in the resin bonding area. Test specimens were put into an oven to cure the resin for 2 h at 120 C; the samples were compressed using a vulcanizing machine and then subjected to a post-curing step for 5 h at 180 C.
Differential scanning calorimetry (DSC) characterization
DSC thermograms were recorded using a TA Q200 DSC (TA, USA) under a N 2 atmosphere. About 4 mg of sample was placed in an aluminum DSC pan at 40 C for 1 min and this was then heated up to 300 C at a constant rate; aer keeping the sample at this temperature for 1 min, it was nally cooled to 40 C at the same rate. The nal heating curves were recorded for thermal transition analysis, including curing condition and nonisothermal curing kinetics investigations. The isothermal TA-ESO curing kinetics were also investigated by monitoring the heat ow evolution during curing with a TA Q200 DSC apparatus. The isothermal runs were performed at temperatures ranging from 140 to 200 C for TA-ESO without H and from 80 to 140 C for H-accelerated TA-ESO curing.
Fourier transform infrared (FT-IR) characterization
Samples were prepared as KBr pellets and spectra were recorded using a spectrophotometer (Nicolet 6700, USA) over a wavenumber range from 4000 to 400 cm
À1
. The resolution and number of scanning cycles were 4 cm À1 and 32, respectively.
Gel fraction measurements
Powdered cured samples wrapped in dried lter paper were precisely weighed (M 1 ), then extracted with acetone for 48 h under reux using a Soxhlet extractor, and nally dried at 80 C under vacuum for 6 h and weighed (M 3 ): M 2 is the quality of the dry lter paper. Each group of the cured samples was tested in triplicate. The gel content is calculated using eqn (1).
Dynamic mechanical analysis (DMA)
The dynamic mechanical behaviors of tested samples, including storage moduli and tan d values, were measured using a TA Instruments DMA Q800 analyzer via a three-point bending model with an oscillation frequency of 1 Hz. The testing temperature ranged from 0 to 160 C at a heating rate of 5 C min
À1
. Cured samples with dimensions of 20 mm (length) Â 10 mm (width) Â 4 mm (thickness) were used for testing.
Thermogravimetric analysis (TGA)
The thermal stability of the cured samples was evaluated using TG 209 F1 apparatus (NETZSCH, Germany). Samples (about 5 mg) were heated from 40 to 700 C at a heating rate of 10 C min À1 under N 2 at a ow rate of 50 mL min À1 .
Tensile tests
Tensile testing was conducted using an Instron Universal Testing Machine (Model 3366, Instron Engineering Corp., Canton, MA, USA) with a 1 KN sensor and a speed of 1 mm min À1 at room temperature. Reactive mixtures containing ESO, TA and H were cured on a Teon plate. Aer being cured, samples were cut into dumbbell shapes with a width and thickness of 4.0 and 2.0 mm, according to GB/T 1040. (plastics -determination of tensile properties). The initial distance between the grips was 20 mm, and at least ve measurements were performed for each sample.
Characterization of adhesion ability
Adhesive lap shear testing was conducted in tension mode on an Instron Universal Testing Machine with a load cell (10 kN) at a free crosshead speed of 5 mm min À1 , according to ASTM D1002. Each group of cured samples was tested in quadruplicate. The lap shear strength was calculated using eqn (2).
Lap shear strength ðPaÞ ¼ maximum loading force ðNÞ bonding area ðm 2 Þ (2) 
Results and discussion
Curing Fig. 1a shows DSC heating scans of H0/TA23 (the molar ratio of -OH/epoxide is 1) and H1/TA23 at a heating rate of 9 C min À1 .
The exothermic peak temperature of H0/TA23 was 210 C with an exothermic area ranging from 130 to 300 C. Polyphenol curing agents can polymerize with epoxides via ring-opening to form polyethers upon heating (Scheme 2a). Unfortunately, as illustrated both in the DSC scans and the existing literature, 42 the relatively low reactivity of the polyphenol groups in TA, and the additional steric hindrance of the epoxy groups along the fatty chains of ESO resulted in extremely low curing efficiency. In contrast, for H1/TA23, the exothermic peak temperature signicantly decreased to 150 C and the curing process nished in the temperature range of 120 to 180 C, which was much narrower than the curing exothermic peak of H0/TA23, indicating that the presence of H could signicantly improve the curing reactivity and efficiency. The curing reaction of EP with 2,4-substituted imidazole has been well established before, [46] [47] [48] as shown in Scheme 2b. At the very beginning, pyridine-type nitrogen opened the oxirane ring via nucleophilic addition to form the 1 : 1 adduct. Next, intramolecular H + transfer changed pyrrole-type nitrogen into pyridine-type nitrogen; then the newly generated pyridine-type nitrogen reacted with an oxirane ring to form the 1 : 2 adduct containing a reactive alkoxide anion (-O-) and hydroxyl (-OH). Finally, polymerization and further crosslinking were induced by alkoxides and hydroxyl groups via etherication reactions. Besides being the main curing agent, imidazole could also act as a curing accelerator for different curing agents, such as phenols. [49] [50] [51] [52] In this case, as a result of the high reactivity of nucleophilic addition between pyridine-type nitrogen in the imidazole ring and epoxy, a ring-opening reaction was rstly initiated to form alkoxide anions, as illustrated in Scheme 2b. Aerward, in the presence of phenolic hydroxyl, anionic homopolymerization (etherication propagation) was suppressed, since the alkaline alkoxide anions were much stronger than the phenoxide anion, suggesting that the reaction rate of the acidbase reaction that formed the imidazole/phenol complex was much higher than that of etherication (Scheme 2c). Comparatively, for ring-opening polymerization and further crosslinking, the generated phenoxide anions in the imidazole/ phenol complexes exhibited much higher reactivities than the phenols themselves. As a consequence, the curing reaction could be effectively accelerated by histidine (Scheme 2d). As indicated from the DSC heating scans, temperatures of 120 and 180 C were selected for the pre-curing and post-curing of Hx/ TAy. FT-IR was used to assess the degree of the curing reactions. FT-IR spectra of the H1/TA23 ternary mixture aer pre-curing and post-curing were recorded and are shown in Fig. 1b. For comparison, the FT-IR spectrum of pristine ESO was also recorded. As can be observed, the peak ascribed to the oxirane rings at 840 cm À1 gradually disappeared aer thermal curing, and the peak from the -CH 2 -vibration at 2920 cm À1 remained nearly unchanged aer thermal curing. Compared with pristine ESO, the absorption peak intensity of the epoxy groups showed no obvious reduction aer the pre-curing process (120 C for 2 h), which meant that a considerable amount of epoxy groups remained. Aer being heated at 180 C for 5 h, the epoxy groups almost disappeared aer the post-curing process. From calculations, the ratio of the absorbance of the epoxy groups to the -CH 2 -groups was 0.16 in ESO, and 0.080 and 0.030 for H1/TA23 samples aer pre-curing and post-curing, respectively. These results indicate that residual epoxy groups were continuously reduced, as the epoxy groups underwent complicated curing reactions, as shown in Scheme 2, where two types of crosslinking networks were established: the rst was generated from the reaction between epoxy and alkoxide anions, initiated by imidazole, while the second one relied on abundant reactive terminal phenolic hydroxyls with hyperbranched aromatic/ alicyclic polyester cores, which exhibited potential positive effects on the further properties of the thermosets. Gel content, as a key indicator relating to the formation of a desired crosslinked network, presents a direct relationship with the nal properties of cured samples. Herein, the gel content values of thermosets with different TA content were examined and they are shown in Fig. 1c . It is clear that all the samples showed a high gel content ranging between 83.1 to 88.2%, which indicated that ESO was well cured by TA in the presence of H. The gel content increased slightly with increasing TA content, and further decreased when the TA content was 29 wt%, this could be extracted with acetone during Soxhlet extraction, resulting in the observed decreased gel content for H1/TA29. Further evidence could be seen from Fig. 1d that the H1/TA20 and H1/TA23 cured products maintain a small number of epoxy groups, while the epoxy groups in the H1/TA26 cured product completely disappeared. According to former research from a kinetics study of imidazole-cured epoxyphenol resins, 51, 52 as the phenol concentration is increased and that of imidazole is decreased in turn, the polarity of the curing system is raised and consequently the reaction constant for chain propagation through phenoxide anion becomes larger, suggesting a positive effect on curing (Scheme 2c). However, as the TA content is further increased, the initiation of epoxyalkoxide anions is delayed by the formation of imidazole/ phenol complexes. Furthermore, the steric hindrance from phenol hydroxyls around the aromatic core in TA becomes more obvious as the TA content reaches its maximum. As a result, H1/ TA29 cured products maintained a small number of epoxy groups, indicating that curing was incomplete due to an excessive amount of TA in the H1/TA29 samples. To further investigate the curing kinetics, the nonisothermal curing behavior of H0/TA23 and H1/TA23 was investigated via DSC at different heating rates from 6 to 15 C min À1 . Fig. 2a and b show non-isothermal curing scans of H0/TA23 and H1/TA23 systems as typical examples for comparison. It's obvious that the exothermic peak temperature (T p ) increased with an increase in the heating rate. The activation energies of H0/TA23 and H1/TA23 for the curing reaction were determined from the peak temperatures (T p ) at different heating rates from the non-isothermal curing scans. According to Kissinger's method, the activation energy can be calculated from the peak temperatures at different heating rates following the Kissinger equation
where q represents the heating rate of the non-isothermal curing scan, E a denotes the activation energy, A indicates a pre-exponential factor and R stands for the gas constant (8.314 J mol À1 K À1 ). As shown in Fig. 2c , E a was calculated from the slope of a linear tting plot of ln(q/T p 2 ) vs. 1/T p . Similarly, Ozawa's theory 54 can also be used to calculate the activation energy, as presented in eqn (4)
where C is a constant. Accordingly, E a could be calculated from the slope of a linear tting plot of ln(q) vs. 1/T p , as shown in Fig. 2d (Fig. 1a) . Based on this, moderate curing conditions for this kind of fully bio-based epoxy thermoset were established, which greatly reduced the curing temperature for traditional phenol/ESO thermoset systems. Isothermal curing kinetics were also investigated by monitoring the heat ow evolution during curing. 55, 56 The isothermal runs were performed at temperatures ranging from 140 to 200 C for TA-ESO without H and from 80 to 140 C for Haccelerated TA-ESO curing. The results of heat ow analysis, including the activation energies for H0/TA and H1/TA composition are shown in the ESI. † These results suggested that the 2-substituted imidazole group in H considerably Table 4 A comparison between results from this work and previous work: only the best values from each system are summarized Formulation The glass transition temperature is tested according to ASTM E228.
improved the reactivity of the curing reaction, which was in good agreement with the aforementioned non-isothermal results, as summarized in Fig. 2 .
Thermal properties of the cured epoxy thermosets
DMA was used to determine the relaxation temperature (T a ), modulus values, and to calculate the crosslinking densities of the cured samples. Herein, curves of tan d and the storage modulus values of Hx/TAy samples as a function of temperature are illustrated in Fig. 3 , in which the peak values of tan d were used to determine the T a values of the cured samples.
The modulus values at a temperature of T a + 60 C were used to calculate the crosslinking densities of the cured samples according to eqn (5) 57,58
where E stands for the storage modulus of a cured sample in the rubbery plateau region, T denotes the absolute temperature, and R is the gas constant. As presented in Table 2 , generally, the relaxation temperature (T a ) and storage modulus values at 25 C of the cured thermosets rstly increased with increasing TA content: the H1/TA26 sample possessed the highest modulus of 1103 MPa at room temperature (25 C), corresponding to its highest T a value of 77 C. However, the modulus and T a values of the H1/TA29 cured product were slightly lower than those of H1/TA26 samples. The crosslinking densities of the cured thermosets were calculated from the modulus of the rubber platform, which decreased as the TA content further increased from 26% to 29%. This suggested that the T a and modulus values of the crosslinked thermosets not only related to the rigidity of the chain segments but were also related to the crosslinking density, in accordance with the results from gel fraction and FT-IR studies, as illustrated in Fig. 1c and d .
The glass transition (T g ) values of the cured samples were investigated via DSC, as listed in Table 1 . Very similar to the tendency of T a , T g values of thermosets cured with different TA content amounts rstly increased to a maximum (63 C for H1/ TA26), then decreased due to a lower crosslinking density. It should also be noted that the T g (or T a ) values were much higher than for other ESO-derived thermosets ( Table 4) . The thermal stabilities of the cured samples under nitrogen were investigated via thermogravimetric analysis (TGA). Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves are presented in Fig. 4 , and the corresponding data are listed in Table 2 . The degradation temperatures at 5 wt% weight loss (T 5% , dened as the initial decomposition temperature) of the cured materials were around 300 C. T 5% of the thermosets generally decreased with increasing TA content. This might be due to lower cross-linking density in network formed at higher -OH/epoxide ratios (unreacted phenol hydroxyls could remain in the networks). However, the excess of epoxide at lower -OH/ epoxide ratios could potentially still participate in polymerization via primary and secondary hydroxyl groups from the ringopening of ESO. The weight loss rate at the temperature of maximum weight loss decreased and the residual weight at 700 C was higher with increasing TA content. That is, the thermal stability at high temperatures was enhanced by introducing the TA component. Although the TA content affected the thermal stability of the thermosets, it is worth noting that all samples showed good thermal stability since they all had an onset temperature of about 300 C.
Tensile properties of the cured epoxy thermosets
In general, the chemical structures of the curing agent and EP exhibit signicant effects on the crosslinking density of the polymer network and hence determine the mechanical properties of the resulting thermosets. As shown in Fig. 5 and Table  3 , the tensile properties of cured thermosets increase and then decrease as the mass ratio of TA : ESO increases from 20% to 29%, and the highest tensile strength of 23 MPa was obtained by the curing product H1/TA26. As illustrated in the aforementioned results, due to the delaying effect of the formation of imidazole/phenol complexes on the initiation of epoxy-alkoxide anions, and the steric hindrance of the phenol hydroxyls around the aromatic-aliphatic polyester core in TA, the H1/TA29 sample exhibited a relatively lower crosslinking density, therefore the tensile strength slightly decreased with a large sacrice of elongation at break, indicating that high mechanical strength could be simultaneously attributed either to the rigid structure or to the highly crosslinking density. The tensile modulus of the resulting polymers increased as the TA content increased, which was in accordance with the increase of the rigid component. The mechanical performance of this fully bio-based epoxy thermoset was lower than those of commercial products from petroleum-derived feedstocks, which was likely due to the presence of an aliphatic epoxy structure. Combining their mechanical performance and thermal properties, it was worth noting that the comprehensive properties of TA-cured ESO thermosets were better than those of other ESO-based thermosets (Table 4) .
Adhesion strength of the cured epoxy thermosets
The lap shear adhesion strength of the cured thermosets was measured to evaluate their potential application as structural adhesives, as shown in Fig. 6a . The cured epoxy thermosets were placed between two stainless steel adherends and pulled to failure in two typical modes: the rst was adhesion failure, where failure occurred between the adhesive and the surface of the adherends (i), suggesting the adhesion forces holding the adhesive and substrates together, including hydrogen bonding, electrostatic interactions, dispersion, or mechanical interlocking became the failure points; and the second was cohesive failure (ii), indicating that the adhesive itself was broken under external stress, which relies on intra-/intermolecular forces and the viscoelastic properties of the polymers. In this case, where the tensile strength of the H1/TA26 sample was 23 MPa, the bonding area aer pulling the two adherends apart was examined, as shown in Fig. 6b , and residual adhesive remained on one adherend surface, indicating typical adhesive failure; the adhesive sample itself could resist the shear force in other words. Representative force-extension curves from adhesive single-lap-joints made from Hx/TAy are shown in Fig. 6c . For a more detailed comparison, the adhesion strengths were calculated from the force-extension curves and are illustrated in Fig. 6d . Similar to the tendency of tensile strength, the lap shear strength increased and then decreased as the mass ratio of TA/ESO gradually increased from 20% to 29%, and the adhesive H1/TA26 had the highest lap shear adhesion strength value of 19 MPa. This value was higher than the manufacturerclaimed lap shear strength of the LOCTITE® epoxy adhesives 3892 and 3894 (13.8 MPa) 59,60 used for multiple surface bonding (Table 4) , suggesting potential application as a structural adhesive. Generally, a higher loss modulus (viscous modulus) in an adhesive usually results in low cohesion; while higher storage modulus (elastic modulus) values usually result in adhesion failure. The observed high lap shear adhesion strength was to some extent attributed to rigid moieties in the curing networks. Also the high polar group content, including residual phenol hydroxyls, ether-linkages and aromaticaliphatic esters, created high adhesion forces on the surface of stainless steel.
Conclusions
For decades, bio-based EP derived from sustainable resources such as polyphenols has offered tremendous potential for creating new polymeric materials. In this work, we reported a facile way of fabricating fully bio-based and high-performance epoxy thermosets through the curing of ESO with TA. To accelerate the curing reaction, a natural imidazole-containing substance, histidine (H), was introduced herein. The process for the preparation of EP was environmentally friendly, without the use of any toxic chemicals, showing great potential for manufacturing sustainable materials. As a highly efficient curing accelerator, H signicantly reduced the activation energy and increased the reaction rate, and DSC experiments revealed that the samples (Hx/TAy) could be thermally cured at $120-180 C, which were much lower temperatures than for examples reported previously. The thermosets were thermally stable with an initial decomposition temperature higher than 270 C. Both tensile testing and thermal mechanical analysis suggested that the thermosets displayed satisfactory mechanical and thermal properties (tensile strength of 23 MPa and relaxation temperature of 77 C), which were attributed to a high crosslinking density and rigid segments. At the same time, thermosets of H1/ TA26 exhibited the highest adhesion lap shear strength of 19 MPa, which was comparable to commercial adhesives. With excellent comprehensive properties, this kind of fully bio-based EP can have more chance of achieving versatile applications, such as use in structural materials and construction adhesives, and this is also a helpful and fruitful attempt for the future design and fabrication of sustainable materials.
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